Introduction
============

Teleost fishes occupy a range of aquatic habitats from freshwater environments to extreme marine environments with salinities well above 40‰. In order to spawn in marine habitats, teleosts have eggs adapted to a hyper-osmotic environment, resulting in less permeable and highly hydrated eggs that compensate for water outflow until osmoregulatory organs develop ([@evv093-B41]; [@evv093-B37]). After the egg stage, osmoregulation primarily takes place in the intestines ([@evv093-B137]; [@evv093-B71]) and through salt excretion from specialized ionocyte cells in the gill epithelium ([@evv093-B28]; [@evv093-B57]). Adaptation to specific osmotic conditions thus requires a wide range of molecular and physiological modifications in order to maintain water homeostasis both at the egg stage and in adult fish. Several studies have demonstrated population-specific acclimatization to different salinity environments through differential gene expression (see, e.g., [@evv093-B9]; [@evv093-B70]; [@evv093-B94]). Although many genes involved in the physiological response to variation in salinity have been identified, the genetic basis of broad salinity tolerance remains unclear ([@evv093-B122]). In addition to the characteristic physical environment (salinity, temperature, and oxygen), Baltic cod also experiences a different parasite load compared with Kattegat and North Sea cod populations ([@evv093-B78]; Perdiguero-Alonso et al. 2008). However, the role of parasites in promoting genetic divergence has mixed support ([@evv093-B66]).

The Baltic Sea is one of the world's largest semienclosed brackish seas, originating approximately 8,000 years ago ([@evv093-B139]). Since then, the Baltic Sea has been colonized by both freshwater and marine teleosts ([@evv093-B92]). Limited water exchange and almost no tidal flow allow for stable salinity conditions, ranging from nearly fresh water in the northern Baltic Sea to around 30‰ at the border to the North Sea ([fig. 1](#evv093-F1){ref-type="fig"}). Fossil records suggest that all contemporary marine teleost fish species have descended from a freshwater ancestry ([@evv093-B106]; [@evv093-B47]; [@evv093-B73]; [@evv093-B41]), reflected by their hypo-osmotic state at the adult stage and their eggs and sperm in seawater ([@evv093-B46]; [@evv093-B41]; [@evv093-B37]). The adaptation of neutral egg buoyancy toward those salinity levels found in the marine environment could arguably impede the successful colonization of less saline environments, as hyper-osmotic eggs would sink to the bottom, requiring an even higher degree of oocyte hydration, which is the case for Atlantic cod adapted to the Baltic environment ([@evv093-B87]). Despite such considerations, some marine fishes with pelagic eggs, such as sprat, plaice and Atlantic cod, have colonized and successfully reproduce in low saline waters such as the Baltic Sea. Indeed, Atlantic cod colonized the central Baltic Sea some 8--6,000 YBP ([@evv093-B110]) when the surface salinity was 12--14‰. Since then, surface salinity has gradually decreased to around 7‰ today and around 14‰ at the spawning depth for Atlantic cod (50--100 m; [@evv093-B61]). Hence, the selection pressure to adapt to the low saline waters is a major force influencing the spawning success of cod in the Baltic Sea ([@evv093-B136]; [@evv093-B87]), limited by factors such as egg buoyancy, sperm motility, and general osmoregulation. Importantly, Baltic cod spawns in a different season, compared with the North Sea and Western Baltic cod stocks, likely promoting reproductive isolation ([@evv093-B13]; [@evv093-B138]; [@evv093-B14]). The adaptation of Atlantic cod to low saline conditions is thus likely of relatively recent evolutionary origin, even though we cannot exclude the possibility that the founders of the Baltic population were already adapted to low salinity. This provides an excellent opportunity to study the genomic architecture behind salinity adaptation in a natural environment. As the ecological adaptation of Atlantic cod to a low-saline environment may contribute to reduced gene flow and thereby promote population divergence (cf. [@evv093-B89]), investigation of the genomic architecture of Baltic cod may give insights into ecological speciation in nature, and especially the genetic link between adaptation and reproductive isolation (cf. [@evv093-B111]). F[ig]{.smallcaps}. 1.---Sampling locations of Atlantic cod specimens. Samples were obtained between 2002 and 2008 using trawl. Only mature specimens were selected for genetic analysis. See [table 1](#evv093-T1){ref-type="table"} for a detailed description of the samples. Average surface salinity is denoted in ‰.

Atlantic cod has high fecundity, pelagic eggs and larvae and large effective population sizes ([@evv093-B132]; [@evv093-B97]; [@evv093-B120]), suggesting that selection, rather than genetic drift, is the main driver for genetic differentiation ([@evv093-B1]). Dispersal and gene flow could however prevent genetic structuring caused by local adaptation. Nevertheless, low levels of genetic structuring may not necessarily extend to genomic regions of functional importance ([@evv093-B134]; [@evv093-B91]; [@evv093-B93]) and highly differentiated genomic regions have been found in marine fish populations ([@evv093-B16]; [@evv093-B85]; [@evv093-B85]; [@evv093-B59]; [@evv093-B3]; [@evv093-B112]; [@evv093-B64]; [@evv093-B53]). It has been shown in several cases that adaptive genetic variation may be selectively maintained, despite homogenizing effects of gene flow (see, e.g., [@evv093-B16]; [@evv093-B50]; [@evv093-B85]; [@evv093-B11]; [@evv093-B26]; [@evv093-B119]; reviewed in [@evv093-B93]). To identify genomic regions under selection and to get a better understanding of the evolutionary processes that generate such regions are important as the sheer number of genes and the number of potential traits evolving together are related to the size of the "islands of divergence" (see, e.g., [@evv093-B126]; [@evv093-B34]; [@evv093-B32]; [@evv093-B90]; [@evv093-B128]; [@evv093-B38]).

So far, the genomic studies targeting the Baltic cod have used a relatively restricted number of genetic markers (e.g., [@evv093-B84], [@evv093-B83]; [@evv093-B97]; [@evv093-B85]; [@evv093-B10], [@evv093-B11]; [@evv093-B70]; [@evv093-B53]), limiting inference of the genomic architecture underlying salinity adaptation. Here, we investigate divergence patterns using 8,809 polymorphic single nucleotide polymorphisms (SNPs) distributed throughout the entire genome of Atlantic cod (based on an Illumina 12 K SNPchip described in The Cod SNP Consortium, in preparation), providing the first individually genotyped whole genome-wide approach to date on this species. We used different statistical outlier approaches on four different populations across the steep salinity gradient from the fully marine North Sea to the low saline Baltic Sea, identifying SNPs and genomic regions under selection. These genomic regions were also identified by a landscape genomic analysis, corroborating that certain genomic regions with underlying SNPs are influenced by defined environmental variables.

Materials and Methods
=====================

Sample Collection
-----------------

Fin clips or spleen from adult Atlantic cod specimens (*n* = 194) were collected from seven localities and stored on ethanol or RNAlater (Qiagen). Sample sizes per location ranged from 8 to 48 individuals ([fig. 1](#evv093-F1){ref-type="fig"} and [table 1](#evv093-T1){ref-type="table"}). All individuals were collected during spawning, except for the Öland and the Gotland samples that presumably belong to the Bornholm basin spawning population. The samples collected within the Baltic Sea were treated as a one single population (see below). Table 1Location and Details of the Atlantic Cod Samples Included in This Study, Combined with Basic Population Genetic ParametersPopulation IDLocationSampling TimeLat.Long.SpawningSample SizeAvg. Call Rate\# Polymorphic Loci*H*~o~ (SD)*H*~e~ (SD)North SeaNorth SeaMar 2002N55.60E05.85Yes420.9838,6590.362 (0.149)0.361 (0.138)KattegatKattegatFeb 2004N56.90E12.15Yes480.9958,6900.360 (0.145)0.360 (0.135)ÖresundÖresundFeb 2003N55.95E12.70Yes480.9958,7150.363 (0.146)0.363 (0.134)BalticBaltic Sea560.9938,5170.344 (0.155)0.345 (0.147)BalticBornholm 05June 2005N55.50E16.00Yes80.9897,6050.381 (0.188)0.382 (0.135)BalticBornholm 04June 2004N55.59E16.30Yes80.9937,3890.379 (0.192)0.378 (0.137)BalticGotlandNov 2008N57.15E18.78No200.9948,2670.359 (0.168)0.356 (0.144)BalticÖlandNov 2008N57.40E17.00No200.9948,3010.353 (0.163)0.357 (0.143)[^3]

DNA Extraction and Genotyping
-----------------------------

DNA was extracted using the E.Z.N.A Tissue DNA kit (Omega Bio-Tek) and normalized to 100 ng/μl using a NanoDrop DN1000 instrument (Thermo Scientific Inc.) prior to genotyping, using a 12 K Illumina SNP-chip (The Cod SNP Consortium, in preparation). Out of the 10,913 SNPs on the SNPchip, 8,809 SNPs were polymorphic, showed good clustering/separation, had a call rate of greater than 95% and also showed Mendelian segregation among family individuals (data not shown). Each individual SNP locus was manually inspected and clusters were adjusted if necessary, using the Genome Studio 2011.1 software (Illumina). Of these, 262 SNPs are previously published ([@evv093-B79]; [@evv093-B60]), 648 SNPs target 313 selected candidate genes (initially selected for a family-based study on growth and maturity, hence these markers could be treated as random genes in this study), 1,554 SNPs are nonsynonymous whereas the remaining 6,345 SNPs are randomly distributed throughout the 23 different LGs in the Atlantic cod genome (the source of each SNP is listed in [supplementary table S4](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1) online). All SNPs are referred to by their rs\# or ss\#, available in dbSNP ([www.ncbi.nlm.nih.gov/SNP](http://www.ncbi.nlm.nih.gov/SNP), last accessed May 1, 2015). The LGs are numbered as described by [@evv093-B60] and the order of SNPs is based on preliminary linkage data (Lien S, unpublished data).

Population Genetics
-------------------

Within each population, estimates of observed (*H*~o~) and expected heterozygosity (*H*~e~) were calculated in ARLEQUIN 3.5.1.3 ([@evv093-B29]), whereas allele frequencies were calculated for all SNPs in all populations using Convert 1.31 ([@evv093-B45]). Departure from HWE was tested locus by locus in each population using the exact test by [@evv093-B49] implemented in ARLEQUIN with 100,000 iterations and a Markov Chain of 1 million. We corrected for multiple testing by computing the *q* value for each locus, using the QVALUE package ([@evv093-B117]) in R ([@evv093-B101]), using a *q* value of 0.05 as a threshold for significance.

Based on results from the outlier analyses (see below), each SNP was categorized either as an outlier or as a neutral marker. Consequently, three data sets were constructed and used in the *F*~ST~ and STRUCTURE analyses. The first data set contains all 8,809 SNP loci and is referred to as the "full data set." The second data set contains 6,913 loci that were not under selection in any of the outlier tests (prior to corrections for multiple testing), and is referred to as the "neutral data set." The third data set, the "outlier data set," contains 233 physically unlinked outlier SNPs from all 23 LGs. Hence, outlier SNPs in high LD (*r ^2^* \> 0.8) with each other were represented by a single tag SNP in this data set, selected using PLINK v1.07 ([@evv093-B99]). To minimize the use of false positives in this data set, only loci detected to be under directional selection by two or more outlier tests, after corrections for multiple testing, were included.

Locus specific *F*~ST~ values for all pairwise population comparisons and the weighted average *F*~ST~ values ([@evv093-B135]) between all population pairs for all data sets were calculated in ARLEQUIN, using 10,000 permutations for significant testing. We used the Bayesian clustering model implemented in the program STRUCTURE v2.3.4 ([@evv093-B98]) to identify major genetic clusters (see [supplementary text S3](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1) online, for details).

Linkage Disequilibrium
----------------------

We evaluated the presence of LD among all 8,809 SNPs, using a data set consisting of all populations combined, calculating both inter- and intrachromosomal LD between all SNPs. LD was quantified in PLINK with the *r* ^2^ estimate, reporting all *r ^2^* values for the intrachromosomal calculations and *r ^2^* \> 0.2 for the interchromosomal calculations.

Outlier Detection
-----------------

[@evv093-B105] suggested that uninformative markers at low frequency be excluded from outlier analyses to increase the power of genome scans. The initial selection of SNPs on the Illumina SNP chip, based on a sequencing of eight individuals, resulted in a relatively high minor allele frequency of most of the SNPs, hence no further SNPs were excluded prior to the outlier analyses. There are several challenges in outlier studies, including detection of false positives, false negatives, and complications due to underlying population structuring. For this reason, three independent methods were used to identify candidate loci under selection.

First, we used a Bayesian regression approach implemented in BAYESCAN v2.1 ([@evv093-B39]) which, based on *F*~ST~ coefficients, measures the discordance between global and population-specific allele frequencies. The degree of differentiation, based on *F*~ST~, is decomposed into a locus-specific component (α), shared by all populations, and a population-specific component (β), shared by all loci. Selection is assumed when alpha is necessary to explain the observed pattern of diversity. To control for variation in the BF distribution caused by randomness and imperfection in each independent run of BAYESCAN, the median value of ten independent runs was calculated for each SNP. We carried out the simulations on the global data set, including all four populations, using stringent criteria, assuming selection to be 10%. The FDR was set to 0.01. We also calculated empirical *P* values, as described in [@evv093-B25], based on 3,137 neutral SNPs that are more than 5 kb away from any annotated gene. We report both the median log~10~ values of the posterior odds (PO) as well as the *q* values and the empirical *P* values, only accepting log~10~(PO) above 2.0 and 1.0 as "decisive" and "strong" evidence for selection (according to [@evv093-B62]) and empirical *P* values \< 0.01 as significant.

Second, we used the FDIST2 approach by [@evv093-B5] implemented in the software LOSITAN ([@evv093-B4]). When using this approach, comparisons are made of *F*~ST~ values in relation to heterozygosity of individual loci, based on a neutral distribution, generated by means of coalescence simulations in a symmetric island migration model at mutation--drift equilibrium. We carried out the simulations on all four populations together under the Infinite Allele Method with 1 million simulations, a confidence interval of 0.99 with an FDR of 0.01, using the neutral mean *F*~ST~ option and forcing mean *F*~ST~ option. We report that the median value of ten independent runs of LOSITAN. FDIST2 is known to be robust to a wide range of nonequilibrium conditions, but it can be sensitive to demographic variations among populations as well as hierarchical genetic structure that may result in the detection of false outliers ([@evv093-B118]). We corrected for multiple testing by computing the *q* value for each locus, using the QVALUE package ([@evv093-B117]) in R ([@evv093-B101]) and calculated empirical *P* values, as described above. We report both the *q* values and the empirical *P* values, using 0.01 as a threshold for significance.

Third, outlier tests were performed pairwise between all four population pairs, as overall divergence based on global *F*~ST~ values may not detect candidates that are under selection in only some of the populations ([@evv093-B130]) and also to identify which populations that are under directional selection for each locus. By performing pairwise comparisons of populations, we omit some of the methodological weakness associated with population structure/demographic processes in the data sets. BAYESCAN was used as this is considered to be the most conservative test ([@evv093-B82]). We used the same stringent criteria as in the global analyses, reporting both the median log~10~(PO) of ten independent BAYESCAN runs as well as the *q* values and the empirical *P* values, only accepting log~10~(PO) above 2.0 and 1.0 as decisive and strong evidence for selection (according to [@evv093-B62]) and empirical *P* values \< 0.01 as significant.

Environmental Association
-------------------------

Correlations between allele frequencies and the environmental variables, salinity (‰), temperature (°C) and oxygen concentration, all at surface and at spawning depth, were tested using the Bayesian method by [@evv093-B22] implemented in the software BAYENV 2.0 ([@evv093-B48]). The environmental variables were retrieved from ICES and Helcom, as detailed in [table 3](#evv093-T3){ref-type="table"}. For the combined Baltic population, data from the proposed spawning area of the Bornholm Basin were used in the analyses. The rationale behind the method by [@evv093-B22] is to estimate a neutral covariance matrix based on a large set of control loci. Second, a test for covariance between the environmental variables and the population specific allele frequencies at each SNP is performed, using the neutral covariance matrix as a reference (null model) to control for shared population history and gene flow. For each test, a BF is calculated based on the ratio of the posterior probabilities between the two models. A high BF indicates a support for the alternative model where the environmental variable has a linear effect on the locus of interest. As a basis for the null model, we used 3,137 neutral SNP loci that are more than 5 kb away from any annotated gene as control loci. BAYENV 2.0 was run for 500,000 Markov chain Monte Carlo (MCMC) iterations and the covariance matrix was created using an average of all matrices estimated by the program (output every 500 iteration). Next, all SNPs were tested for correlation with the environmental variables using 500,000 MCMC iterations each. Following [@evv093-B7], to control for variation in the BF distribution caused by randomness in the MCMC algorithm and imperfection in the null model, 32 independent runs were carried out. The starting point for the algorithm (random seed) was drawn randomly for each run. Based on the BAYENV 2.0 results, *q* values were calculated according to [@evv093-B25]. Empirical *p* values were calculated as described above. SNPs showing median log~10~(BF) \> 2 indicating "decisive evidence" and median log~10~(BF) \> 1 indicating "strong evidence" according to [@evv093-B62] were regarded as significant results when also significant at *q* \< 0.01.

SNP Annotation
--------------

The original SNP chip design was based on the ATLCOD1A genome assembly ([www.codgenome.no](http://www.codgenome.no), last accessed May 1, 2015) that has a different coordinate system than the genome assembly for which Ensembl annotation is available (ATLCOD1C). Therefore, the location of each SNP was determined by aligning 200 bp of flanking sequence to the ATLCOD1C assembly ([@evv093-B116]) using BWA aln -o 1 -n 0.04, seeding disabled ([@evv093-B72]). Only unique hits were selected. The locations of annotated genes were downloaded from the Ensembl database Gadus_morhua.gadMor1.73 using Biomart ([@evv093-B67]). The distance of the flanking sequence of the SNPs from genes (exons) was determined using BEDclosest including the options -t "first" and -d (BEDtools v2.16.2; [@evv093-B100]). The protein transcripts of Ensembl genes that were associated with the SNPs through this approach were annotated with BLAST2GO ([@evv093-B21]) using public database b2g_sep13. Protein transcripts were aligned to the refseq_protein data using the BLASTP algorithm allowing a maximum of 20 hits with a minimum *e* value of 1 E-3, as implemented in BLAST2GO. Apart from setting the evidence code weight of IEA (electronic annotation evidence) to 1, default weights were used. Annotation was augmented using the Annex function in BLAST2GO.

Results
=======

SNP-Set and Samples
-------------------

Based on a 12 K SNPchip, we analyzed a set of 8,809 polymorphic SNPs (see Materials and Methods for details), distributed over all 23 linkage groups (LGs) with an average distance of 94,000 bp between SNPs, based on a genome size of 830 Mb ([@evv093-B116]). A total of 5,565 SNPs were located within 5,000 bp of 4,522 Ensembl annotated genes ([supplementary table S4](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1) online). A final number of 194 individuals of Atlantic cod (individual call rate \> 95%) from seven different localities were investigated ([fig. 1](#evv093-F1){ref-type="fig"}, [table 1](#evv093-T1){ref-type="table"}). As the four Baltic localities likely comprised individuals from the same breeding population, these data were pooled into a single sample, which was justified by assignment testing (see Materials and Methods and [supplementary text S1](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1) online) and further supported by tests for deviation from Hardy--Weinberg equilibrium (HWE) ([supplementary text S2](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1) online). Only one SNP locus was significantly out of HWE after false discovery rate (FDR) correction (*q* \< 0.05) in the pooled Baltic sample, indicating no sign of a Wahlund effect. The number of polymorphic loci, observed- and expected heterozygosity (*H*~o~ and *H*~e~) were similar in all populations ([table 1](#evv093-T1){ref-type="table"}).

Population Genetic Structuring
------------------------------

In addition to the full data set, SNPs were categorized either as outliers or as neutral, based on outlier analyses (see Outlier Detection and Environmental Association section). In the full- and neutral data set, all average pairwise *F*~ST~ comparisons were statistically significant except between Kattegat and Öresund, indicating little genetic differentiation between these two populations ([table 2](#evv093-T2){ref-type="table"}). In comparison, based on 233 unlinked SNPs from the outlier data set, all pairwise *F*~ST~ comparisons were significant, indicating some genetic differentiation also between the Kattegat and Öresund populations. Table 2Pairwise *F*~ST~ Values among Atlantic Cod Populations, Using a Full-, Neutral-, and Outlier Data Set (See Text for Details)North SeaKattegatÖresundBalticFull data set (8,809 SNPs)    North Sea---**0.015950.014670.07095**    Kattegat---0.00026**0.05140**    Öresund---**0.04824**    Baltic---Neutral data set (6,913 SNPs)    North Sea---**0.009620.009960.04840**    Kattegat---0.00007**0.03138**    Öresund---**0.03061**    Baltic---Outlier data set (233 SNPs)    North Sea---**0.120650.102780.40130**    Kattegat---**0.008250.32685**    Öresund---**0.29778**    Baltic---[^4]

Locus-specific *F*~ST~ values for all pairwise population comparisons indicate a genome-wide pattern of high *F*~ST~ when comparisons are made to the Baltic Sea, whereas few discrete regions of the genome show elevated *F*~ST~ values in the remaining comparisons ([fig. 2](#evv093-F2){ref-type="fig"}). A total of 40 private alleles ([supplementary table S2](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1) online) were detected among the populations, 38 of which were rare in frequency (\<0.04). The highest number of private alleles (23) was observed in the North Sea population and the lowest number (3) was observed in the Baltic population. The two private alleles of higher frequency (0.179 and 0.232) were found in the North Sea population, in complete linkage disequilibrium (LD) with each other (ss1712302407 and ss1712304757, located 241 bp apart, in LG3). In total, 334 fixed allele frequencies were detected in any population; however, only 84 of these showed frequency differences of more than 0.1 in any pairwise comparison. Out of these, 59 were unique to the Baltic population (19 potentially under selection) whereas 11, 2 and 1 were unique to the North Sea, Kattegat and Öresund populations, respectively. In addition, 59 outlier SNPs were close to fixation (frequency \> 0.95; [supplementary table S2](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1) online). F[ig]{.smallcaps}. 2.---Pairwise *F*~st~ values between Atlantic cod populations using 8,809 SNPs in 23 LGs. SNPs are ordered according to LG and position within LGs based on the results of a preliminary SNP linkage map (Lien S, unpublished data). LG nomenclature follows that of [@evv093-B60]. Median *F*~st~ estimates between the population pairs are denoted in parentheses.

Bayesian cluster analyses (STRUCTURE analysis; [supplementary text S3](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1) online) strongly support a separation between the Baltic population and the other populations for all three data sets ([supplementary fig. S1](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1) online). At higher *K* values, the Kattegat and the Öresund populations, representing the transition zone between the North Sea and the Baltic Sea, form an intermediate group with more similarity to the North Sea than to the Baltic population ([supplementary fig. S2](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1) online). The highest delta *K* value was detected for *K* = 2 for all three data sets, indicating a deep-rooted structuring in the data and that the Baltic cod is separated by a larger genomic distance to all the other populations. The identified clusters correspond well with the overall population structure estimated by pairwise *F*~ST~ comparisons ([table 2](#evv093-T2){ref-type="table"}).

Linkage Disequilibrium
----------------------

LD was evaluated among all 8,809 SNPs, independent of LG localization to detect both inter- and intrachromosomal LD. As expected, we find SNPs with high *r ^2^* values (\>0.75) within all LGs ([supplementary table S3](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1) online). The distributions of the intrachromosomal *r ^2^* values among the different LGs show that SNPs with high *r ^2^* values often reside within the same scaffolds and hence are physically close. However, for LG2, 7 and 12, an extensive number of SNPs with high LD ([fig. 3](#evv093-F3){ref-type="fig"}) covers multiple scaffolds including 15 and 5 scaffolds in two close but separated blocks in LG2, 14 scaffolds in LG7, and 31 scaffolds in LG12 ([supplementary table S3](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1) online). The LD pattern ([fig. 3](#evv093-F3){ref-type="fig"}) also shows less distinct blocks of elevated *r ^2^* values in LG4, 10, and 17. Interestingly, relatively high levels of *r ^2^* values (\>0.3) also occur between SNPs on different LGs, particularly between LG1 and 2 and between LG2 and 4 ([supplementary table S3](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1) online). F[ig]{.smallcaps}. 3.---Global outlier pattern and LD in Atlantic cod. The extent of pairwise LD among loci within 23 LGs, measured as *r2*, is estimated using all individuals and populations. A color bar on the right hand side denotes the strength of the *r2* values. A global outlier pattern (underneath each LD plot) based on the same SNP data is visualized using a moving average of the median log10(BF), calculated using the global BAYESCAN outlier analyses (see text for details). The SNPs are plotted according to LG and their respective position within the LGs, based on the results of a preliminary SNP linkage map (Lien S, unpublished data). LG nomenclature follows [@evv093-B60].

Outlier Detection and Environmental Association
-----------------------------------------------

We used two outlier detection approaches, BAYESCAN and LOSITAN, combined with a method that explores the correlation between environmental variables and allele frequencies (BAYENV 2.0) to uncover various aspects of the genomic regions under selection (see Materials and Methods for details).

In the global outlier analyses comprising all four populations, we identified 123 (1.4%) and 114 (1.3%) SNPs as candidates for divergent selection (log~10~(Bayes factor \[BF\]) \> 1, empirical *P* \< 0.01), using BAYESCAN and LOSITAN, respectively. Pairwise outlier analyses using BAYESCAN, revealed 228 (2.6%) SNPs as candidates for divergent selection ([supplementary fig. S3](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1) and [table S4](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1) online). However, the pattern and the number of outliers in each pairwise comparison varied ([fig. 4](#evv093-F4){ref-type="fig"}*b*--*g*). In total, 266 SNPs (3.0%) were detected as candidates for divergent selection using global or pairwise outlier test. LG2 and 12 had the highest proportion of SNPs potentially under selection (36 and 98, respectively; [supplementary table S4](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1) online). These two LGs contain large LD blocks, where most, but not all, of these outliers reside ([fig. 3](#evv093-F3){ref-type="fig"}). F[ig]{.smallcaps}. 4.---Global and pairwise outlier patterns in Atlantic cod. Manhattan plots of global and pairwise outlier analyses based on median log10(BF) from ten replicate runs of BAYESCAN. The SNPs are plotted according to LG and their respective position within the LGs along the *X* axis based on the results of a preliminary SNP linkage map (Lien S, unpublished data). LG nomenclature follows [@evv093-B60]. The dotted line at log10(BF) = 1 indicates "strong association" and the solid line at 2 indicates "decisive association" according to [@evv093-B62].

Correlations between allele frequencies and salinity (‰), temperature (°C) and oxygen concentration at surface and at spawning depth ([table 3](#evv093-T3){ref-type="table"}) were investigated using a landscape genomic approach (BAYENV 2.0). Significant association (median log~10~(BF) \> 1 and *q* \< 0.01) with at least one environmental variable was detected in 234 (2.6%) of the 8,809 examined SNP loci, distributed across all LGs except LG6 ([supplementary fig. S3](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1) and [table S4](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1) online). The pattern and the number of SNPs with correlation to each environmental variable varied ([fig. 5](#evv093-F5){ref-type="fig"}a--f). An association with salinity and oxygen level at spawning depth is clearly observed at a genome-wide scale, and in particular toward the end of LG2, whereas temperature shows a weak correlation in LG12 ([fig. 5](#evv093-F5){ref-type="fig"}). There is a strong correlation between SNPs associated with salinity and oxygen, whereas SNPs associated with temperature are not strongly correlated with salinity or oxygen SNPs ([fig. 5](#evv093-F5){ref-type="fig"}). F[ig]{.smallcaps}. 5.---SNPs associated with environmental variables in Atlantic cod. Manhattan plots of SNP association with salinity, temperature, and oxygen level (all at surface and at spawning depth, see [table 1](#evv093-T1){ref-type="table"}) based on median log10(BF) from 32 independent runs of BAYENV. The SNPs are plotted according to LG and their respective position within the LGs along the *X* axis, based on the results of a preliminary SNP linkage map (Lien S, unpublished data). LG nomenclature follows [@evv093-B60]. The dotted line at log10(BF) = 1 indicates strong association and the solid line at 2 indicates decisive association according to [@evv093-B62]. Table 3Environmental Conditions at the Atlantic Cod Sampling LocationsPopulation IDLocationSpawning MonthSpawning Depth (m)Salinity SurfaceSalinity Spawning DepthTemp. SurfaceTemp. Spawning DepthOxygen SurfaceOxygen Spawning DepthSourceNorth SeaNorth SeaFeb.--April40--6034.734.86.06.16.86.7ICESKattegatKattegatFeb.--April60--10024.234.13.56.38.06.5HelcomÖresundÖresundFeb.--April40--5316.430.93.46.48.56.2HelcomBalticBornholm 05June--Aug.50--827.413.613.66.27.24.2HelcomBalticBornholm 04June--Aug.50--907.413.613.65.77.44.5HelcomBalticGotlandJune--Aug.50--906.98.69.34.47.34.1HelcomBalticÖlandJune--Aug.50--826.78.48.44.87.63.4Helcom[^5]

In total, 326 SNPs (3.7%) were candidates for divergent selection or were associated with an environmental variable ([supplementary fig. S3](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1) online). The overlap between the outlier and the landscape genomic data sets reveals 174 SNPs with significant evidence of selection in both the outlier approach (global or pairwise comparisons) and the landscape genomic approach, distributed on 102 different scaffolds on most LGs, except for LG6, and 23 ([supplementary table S4](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1) online). Of these 174 SNPs, 129 loci were located in or within 5 kb of an annotated gene, of which 61 were located in exons and 48 were nonsynonymous substitutions causing amino acid changes ([supplementary table S4](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1) online). Further, 123 of the 174 outlier SNPs reside in five LGs (LG1, 2, 4, 8, and 12; [supplementary fig. S3](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1) online). In LGs where outliers are detected, they do not seem to be clustered within the LGs, except for the outliers in LG2, 12 and to some extent in LG4, 8, 10, 17, and 18 ([fig. 3](#evv093-F3){ref-type="fig"}).

Identifying Genes and Genomic Regions under Selection
-----------------------------------------------------

Three LGs (LG2, 7, and 12) have substantial long-distance LD ([fig. 3](#evv093-F3){ref-type="fig"}) and the LD pattern is similar within the different populations (data not shown). In LG2, 51 SNPs were candidates for selection, out of which 32 were located in two tightly linked regions (consisting of 22 and 10 SNPs, respectively) toward the end of the LG ([fig. 3](#evv093-F3){ref-type="fig"}). All SNPs that were candidates for selection on this LG were associated with oxygen and salinity (primarily at spawning depth). Further, all of these outliers were detected as pairwise outliers relative to the Baltic Sea, but not in any of the other pairwise comparisons, except for an SNP (ss1712297946) close to a C-type lectin gene (*CLEC16A*) toward the beginning of the LG. Combined, these results indicate that the outliers on LG2 are of particular relevance for the adaptation to the low saline conditions in the Baltic Sea. In LG7, one single outlier SNP (ss1712305126) with decisive evidence of selection was located within an exon in an Na+/K+ ATPase gene (*ATP1A1*) and was not associated with the large LD region present on LG7 ([fig. 3](#evv093-F3){ref-type="fig"}). In LG12 the long-distance LD area contains 37 decisive outliers, but notably only detected in the pairwise comparison between North Sea and Kattegat/North Sea and Öresund. No decisive pairwise outliers were detected in any of the comparisons with the Baltic population ([supplementary table S4](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1) online). However, the majority of outliers detected on LG12 appears to be under a less stringent selection regime as the number of outliers rise to 103, using log~10~(BF) \> 1 and empirical *P* \< 0.01 as a threshold for significance. Similarly, there is a clear selection pattern within the linked region in LG12, associated with temperature---but not with salinity or oxygen ([fig. 5](#evv093-F5){ref-type="fig"} and [supplementary table S4](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1) online).

In addition, we find three less distinct LD regions (LG4, 10, and 17) that also harbor several outlier candidates. In LG4, the LD region contains 11 of the 15 decisive outlier SNPs. All of these SNPs showed signs of selection in the pairwise comparisons with the Baltic population, but not with any of the other populations and were all decisively associated with salinity and oxygen, primarily at spawning depth ([fig. 5](#evv093-F5){ref-type="fig"} and [supplementary table S4](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1) online). Hence, there are strong indications that also the genomic region on LG4 has relevance for adaptation to the low saline conditions in the Baltic Sea. Notably, SNPs within the LD block on LG4 are linked to SNPs on the LD blocks on LG2 (0.3 \< *r*^2^ \< 0.4; [supplementary table S3](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1) online), possibly indicating a common selection pressure on the two genomic regions. In LG10, the main outlier peak lies just outside the LD area, with some less significant outlier SNPs residing within the LD area ([fig. 3](#evv093-F3){ref-type="fig"}). All SNPs under selection on LG10 were associated with salinity and oxygen at spawning depth ([supplementary table S4](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1) online). In LG17, seven SNPs displayed decisive evidence of selection and four of these SNPs, associated with oxygen at surface, were within the LD region ([fig. 3](#evv093-F3){ref-type="fig"}).

A total of 51 SNPs, within 5 kb of 43 annotated genes (see Discussion) were decisively associated with salinity and oxygen and were specific to the Baltic Sea, relative to the other three sampling locations ([table 4](#evv093-T4){ref-type="table"}). These pairwise outliers are likely to identify the strongest genomic differentiation, shaped by the environment in the Baltic Sea. Surrounding these strong outliers, other less pronounced outlier SNPs were also detected ([figs. 4](#evv093-F4){ref-type="fig"} and [5](#evv093-F5){ref-type="fig"} and [supplementary table S4](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1) online). Table 4SNPs Closer than 5 kb to an Annotated Gene with Decisive Association (i.e., median log~10~(BF) \> 2 and Empirical *P* \< 0.01, see text for details) to Salinity and Oxygen at Spawning Depth that Are Also Strong Pairwise Outliers across the Salinity BarrierBAYENV 2.0 Log~10~(BF)BAYESCAN Log~10~(PO)LocusLGDistance to ExonHGNCGene IDSalinity DepthOxygen DepthBaltic ÖresundBaltic KattegatBaltic North SeaNorth Sea KattegatNorth Sea ÖresundÖresund Kattegatss171230265810*TSHB*ENSGMOG00000011010**2.782.622.752.38**0.37−1.02−1.03−1.02ss17123026591244*TSHB*ENSGMOG00000011010**2.722.572.642.22**0.38−1.02−1.02−1.00ss1712299135121 (I)*GRIP2A*ENSGMOG00000017983**2.582.71**−0.37**1.322.18**−1.02−0.73−0.99ss171230331710 (NS)*FBLN2*ENSGMOG00000017143**2.772.682.922.271.30**−1.01−1.03−1.00ss171230332310 (NS)*COL2A1*ENSGMOG00000009692**4.364.34\>4\>4\>4**−1.02−1.02−1.00ss171230022110 (NS)---ENSGMOG00000013560**4.984.94\>4\>4\>4**−1.04−1.03−1.00ss171230419810 (NS)---ENSGMOG00000013560**2.802.882.922.553.22**−1.01−1.01−1.00ss171230419910 (NS)---ENSGMOG00000013560**2.882.942.962.823.40**−1.02−1.02−1.03ss171230420010 (NS)---ENSGMOG00000013560**4.644.59\>4\>4\>4**−1.03−1.03−1.02ss171230472020 (NS)*ZFAND2A*ENSGMOG00000004883**4.114.14\>43.70\>4**−1.02−1.02−1.02ss17122967762832 (I)*TMEM235*ENSGMOG00000013183**2.712.62**−0.88**1.82**−0.31−1.02−1.00−0.84ss17122986062120 (I)*TMEM104*ENSGMOG00000018126**3.403.361.861.781.51**−1.02−1.02−1.00ss17123027052621*SSTR3*ENSGMOG00000013330**2.682.63**−0.86**1.48**−0.18−1.01−1.00−0.91ss171230270721,058*SSTR3*ENSGMOG00000013330**3.383.38**−0.91**1.31**0.27−1.02−0.86−0.88rs11905576420*SLC25A39*ENSGMOG00000009149**4.314.31**0.05**3.002.27**−1.02−0.67−0.89ss17123028192337*PRL*ENSGMOG00000017998**4.554.393.70\>42.82**−1.03−1.01−1.02ss17122996032202*PDGFAB*ENSGMOG00000013650**3.893.80**0.21**2.921.30**−1.01−0.98−0.92ss171229845724,924*PACSIN1A*ENSGMOG00000000364**4.394.39**0.20**3.112.42**−1.02−0.67−0.88ss171230472320 (NS)*MPG*ENSGMOG00000004225**2.832.973.403.55\>4**−0.98−0.97−1.00ss171230065920 (NS)*KCNH6*ENSGMOG00000004695**3.733.90**−0.890.63**1.29**−1.020.11−0.96ss171229649721,603 (I)*IQCK*ENSGMOG00000018312**4.624.69**0.36**3.223.00**−1.02−0.12−0.93ss1712296037282*HEATR2*ENSGMOG00000004347**3.733.62**0.06**3.001.02**−1.02−1.01−0.90ss171230468220 (NS)*GRN*ENSGMOG00000000761**3.163.18**−0.36**1.841.17**−1.02−0.95−0.96ss17122983652109 (I)*COL1A1A*ENSGMOG00000008472**5.755.61**−0.05**1.801.11**−0.94−0.94−0.96ss171229649527*CDK6*ENSGMOG00000017917**4.304.28**0.20**3.162.15**−1.02−0.81−0.89ss171229810020*CDC27*ENSGMOG00000013717**4.604.32**0.62**2.30**0.57−1.01−1.03−0.97ss171230188021,421*APOL4*ENSGMOG00000009453**2.512.55**0.92**2.171.80**−1.02−1.02−0.99ss1712298561243 (I)*ADCY9*ENSGMOG00000014968**4.474.53**0.20**3.312.60**−1.02−0.40−0.88ss1712295765311 (I)*SERPING1*ENSGMOG00000013214**3.283.211.412.661.55**−1.02−1.02−1.00ss171229981130*LITAF*ENSGMOG00000014597**2.522.793.221.78\>4**0.70−0.65−1.01ss171230408830 (NS)*LITAF*ENSGMOG00000014597**2.482.712.961.77\>4**−0.11−0.81−1.01ss171230476630 (NS)*DCHS2*ENSGMOG00000000621**3.083.17**0.91**1.812.49**−1.02−0.93−1.00ss171230476730 (NS)*DCHS2*ENSGMOG00000000621**2.792.93**0.11**1.432.37**−1.00−0.81−1.00ss171230004443,371*XKR6*ENSGMOG00000011568**3.303.222.031.961.23**−1.01−1.01−1.00ss17122976894387 (I)*PSD4*ENSGMOG00000014165**3.833.842.182.162.36**−1.03−1.02−1.01ss171230166544,026 (I)*MGAT5*ENSGMOG00000018588**2.622.501.901.11**−0.16−1.00−1.02−1.01ss1712297584456*CCNT2B*ENSGMOG00000006401**3.313.232.201.971.22**−1.02−1.01−1.02ss171230512670*ATP1A1*ENSGMOG00000005261**4.124.001.341.711.18**−1.01−1.02−0.99ss171230310684,358*ZP2L1*ENSGMOG00000010293**3.663.66\>4\>43.40**−1.04−1.02−1.02ss171230310582,840*PER2*ENSGMOG00000010256**3.453.35\>4\>42.54**−1.01−1.00−1.00ss17122999318219*MCOLN3*ENSGMOG00000011255**2.912.802.01\>41.58**−1.02−1.01−0.99ss171230411280 (NS)*MCOLN3*ENSGMOG00000011255**2.642.441.633.22**−0.44−1.02−1.03−0.99ss171230286481,986*KISS1R*ENSGMOG00000011215**3.844.062.602.35\>4**−0.46−0.58−1.01ss171229910990*PSMA1*ENSGMOG00000013869**4.024.11\>4\>4\>4**−0.98−0.94−1.01ss171230359290 (NS)*ITPR2*ENSGMOG00000003496**3.583.512.13**0.580.91−1.02−1.02−0.99ss1712302672110 (NS)*TLR18*ENSGMOG00000003793**2.642.561.782.12**0.69−1.02−1.01−1.01ss1712303453140 (NS)*RNF128*ENSGMOG00000008481**3.123.07\>42.472.62**−1.03−1.01−0.98ss1712301982150*FBXW4*ENSGMOG00000015043**2.732.781.683.052.89**−1.02−0.99−1.00ss1712299551164,571*KCNJ5*ENSGMOG00000013278**3.503.632.08**0.55**2.25**−0.86−1.01−0.99ss1712304231210 (NS)*SLC22A16*ENSGMOG00000002642**3.573.73**0.87**1.322.60**−0.93−0.81−0.99ss171230281121188*ESR1*ENSGMOG00000014898**2.452.74**0.440.47**\>4**0.450.65−1.01[^6]

Discussion
==========

We identified a set of directionally selected loci with allele frequencies strongly correlated with habitat differences in salinity, oxygen, and temperature. These loci reside within several discrete regions within the Atlantic cod genome, suggesting that these regions are influenced by divergence hitchhiking and indicate presence of genomic islands of divergence.

Patterns of Genomic Diversification Are Caused by Adaptation
------------------------------------------------------------

Neutral and selective evolutionary forces shape the genetic makeup among populations and it is important to disentangle these effects. Using the set of presumed neutral SNPs we show that the Baltic population is divergent relative to the other three populations ([table 2](#evv093-T2){ref-type="table"} and [supplementary fig. S1](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1) online). Although effects of selection on some of these SNPs cannot be totally excluded, our results are in line with microsatellite data, showing low levels of genetic differentiation among North Sea, Kattegat and Öresund populations compared with the Baltic population ([@evv093-B84]) which could possibly be a secondary effect of local adaptation to the Baltic conditions. The Baltic cod population is on the margin of its ecological and geographical range ([@evv093-B63]), suggesting that the observed divergence between the Baltic population and the other populations could be partly caused by decreased population density at its distribution margin ([@evv093-B15]; [@evv093-B93]). This is less likely however, as the effective population size estimates of Baltic cod still remain relatively high ([@evv093-B97]). [@evv093-B97] estimated *N*~e~ for Baltic and North Sea cod using temporal analyses of allele frequencies in microsatellites, and found *N*~e~ in the Baltic population to be only slightly smaller than in the North Sea population (both in the thousands), but still large enough to not loose its evolutionary potential ([@evv093-B40]). [@evv093-B97] concluded by urging more attention to selection than to bottleneck effects on genetic composition of Baltic cod. Hence, there are strong indications that *N*~e~ in the Baltic population is sufficiently large and that bottleneck effects should not be a major issue, supporting the view that demographic processes alone are not the ultimate driver for the outlier patterns that we observe. Rather, a scenario where adaptation drives neutral structure and "isolation by adaptation" or "isolation by environment" is more likely ([@evv093-B93]; [@evv093-B131]).

Outlier Detection and Methodological Considerations
---------------------------------------------------

The consistency of the different approaches for outlier detection ([supplementary fig. S3](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1) online) and the functional relevance of the underlying genes strongly suggest that the majority of the identified loci and their associated genomic regions is subject to divergent selection (see however [@evv093-B6]). Nevertheless, it is inherently difficult to define a biologically meaningful cutoff value in the various outlier tests, and identified outliers remain candidates. Here, we attempted to achieve robust conclusions by combining cutoff values based on log~10~(BF/PO) values ([@evv093-B62]) with *q* values and empirical *P* values (for a detailed discussion, see [supplementary text S4](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1) online).

It has been suggested that outlier tests may have high false positive rates due to the effects of population structure and bottlenecks (see, e.g., [@evv093-B82]; [@evv093-B25]; [@evv093-B74]). One way to reduce the effect of population structure is to perform outlier analyses between pairs of populations (cf. [@evv093-B130]). Another way to compensate for population structuring is by calculating empirical *P* values based on a set of putatively neutral SNP markers (determined a priori) to create a null distribution to test all SNP markers against (cf. [@evv093-B74]). We employed both of these methods to minimize the effects of population structuring in the data ([supplementary text S4](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1) online).

Recent simulation studies have suggested that correlation-based approaches in many instances outperform more traditional population genomic approaches in accurately identifying loci under divergent selection ([@evv093-B24]; [@evv093-B25]; [@evv093-B74]). By also analyzing our data using BAYENV 2.0, which accounts for demographic signals, we were able to disentangle the genetic signals caused by selection rather than demography with more confidence (details in [supplementary text S4](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1) online).

Genomic Divergence Implies Ongoing Speciation
---------------------------------------------

In the process of population divergence and speciation, heterogeneous genomic divergence can be formed ([@evv093-B91]; [@evv093-B114]), observed as elevated levels of divergence in selected regions, surrounded by physically linked loci through divergence hitchhiking (cf. [@evv093-B20]; [@evv093-B126], [@evv093-B127]). Divergent selection may further promote extrinsic reproductive isolation where migrants between different environments have reduced fitness ([@evv093-B32]). For Atlantic cod, ecological adaptation seems to restrict gene flow across the salinity barrier, and in the Baltic Sea population we observe a genome-wide pattern of divergence, with SNPs that are candidates for selection in all LGs except LG23 ([fig. 4](#evv093-F4){ref-type="fig"}*b*--*d*). This is consistent with the theory of isolation by adaptation and the later stages of ecological speciation where gene flow is small or nonexistent ([@evv093-B32]). Further, most of these outlier SNPs cluster in genomic regions in high LD ([fig. 3](#evv093-F3){ref-type="fig"} and [supplementary table S3](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1) online) suggesting that mutations in close proximity (high LD) hitchhike with the selected genomic region, increasing the size of the local genomic islands ([@evv093-B115]; [@evv093-B32]; [@evv093-B32]). However, recombination will reduce LD across the genome over time, resulting in larger patterns of genome-wide divergence, although heterogeneity among regions may still be present due to varying degree of selection and recombination. Eventually, ecologically favored alleles will predominate in one habitat and neutral- and universally favored alleles will potentially be present in all habitats (see, e.g., [@evv093-B108]). At this point, diagnostically fixed differences can be observed between populations ([@evv093-B32]; [@evv093-B111]). In our data set, fixed allele frequencies were detected in 19 SNPs potentially under selection in the Baltic population and 59 SNPs were nearly fixed (frequency \> 0.95), suggesting strong ongoing diversification. These results are comparable to those in other fish species such as three-spine sticklebacks (*Gasterosteus aculeatus*) ([@evv093-B101], [@evv093-B104]) and lake whitefish (*Coregonus clupeaformis*) ([@evv093-B43]) for which similar patterns of divergence have been described.

Among the North Sea, Kattegat, and Öresund populations, where obvious environmental differences are small, we observe a pattern consistent with the early stages of genetic divergence, where a substantial amount of gene flow is still prevalent, and one would expect the presence of relatively few but potentially large genomic islands of divergence ([@evv093-B32]). In these populations, we detected regions that are subject to divergent selection in few LGs ([fig. 4](#evv093-F4){ref-type="fig"}*e*--*g*) compared with the Baltic population and most of these SNPs reside in LG12, in high LD with each other ([fig. 3](#evv093-F3){ref-type="fig"} and [supplementary table S3](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1) online). The finding of selection in relatively few LGs agrees with previous findings in Atlantic cod ([@evv093-B10], [@evv093-B11]; [@evv093-B53]; [@evv093-B65]). This pattern of early divergence has also been shown in the studies of pea aphids (*Acyrthosiphon pisum pisum*), African malaria mosquitoes (*Anopheles gambiae*), and *Heliconius* butterflies ([@evv093-B123]; [@evv093-B129]; [@evv093-B126]; [@evv093-B81]; [@evv093-B128]). In some instances, studies of the same species under different environmental conditions have arrived at different results regarding the distribution of the divergence pattern (see, e.g., [@evv093-B58]; [@evv093-B105]; [@evv093-B43]). This seems to be the case also in our investigation, where the observed divergence patterns for the Baltic population comparisons ([fig. 4](#evv093-F4){ref-type="fig"}*b*--*d*) differ markedly to that observed in the North Sea, Kattegat, and Öresund populations ([fig. 4](#evv093-F4){ref-type="fig"}*e*--*g*). In some species strong signatures of selection have been shown for chromosome inversions, although few studies have identified the actual target genes for selection ([@evv093-B68]). Nevertheless, our current data cannot accurately resolve if the clustering of outliers in LD regions is due to inversions.

Genomic Regions under Divergent Selection in the Baltic Sea
-----------------------------------------------------------

Studying the genetic changes that contribute to reproductive isolation in partly reproductively isolated populations (before they become confounded by additional genetic differences after speciation is complete) may reveal important aspects of the speciation process ([@evv093-B126]). Our sampling design enabled us to do so and our results indicate that several discrete regions of the Atlantic cod genome are candidates for directional selection and most are associated with adaptation to the local conditions in the Baltic Sea. It is likely that salinity and oxygen levels are strong evolutionary forces for Baltic cod ([figs. 4](#evv093-F4){ref-type="fig"} and [5](#evv093-F5){ref-type="fig"}) and our results agree with findings that natural selection can shape population structure on short spatial scales, despite the high dispersal capacity of marine organisms (see, e.g., [@evv093-B42]; [@evv093-B10], [@evv093-B11]; [@evv093-B3]; [@evv093-B69]; [@evv093-B83]; [@evv093-B23]; [@evv093-B26]; [@evv093-B53]; [@evv093-B124]).

During speciation in the presence of gene flow, the establishment and maintenance of genomic regions that sufficiently can resist gene flow is only likely if divergent selection (or sexual selection) is strong and hence the initial barriers to gene flow are likely to evolve quickly ([@evv093-B125]; [@evv093-B55]). As a result of such strong selection, the genomic regions causing the reproductive isolation become particularly distinctive relative to the remaining genome, facilitating its discovery in empirical analyses ([@evv093-B126]). We detect several distinct genomic regions in which a number of SNPs in high LD appear as candidates for selection. Several of these regions have been associated with environment variables in other studies. For instance, we identify 32 SNPs in linked regions toward the end of LG2 as candidates for selection. The same regions have previously been associated with variation in temperature ([@evv093-B10]). Nevertheless, in our study these SNPs appear more associated with salinity and oxygen (at spawning depth) than with temperature ([fig. 5](#evv093-F5){ref-type="fig"} and [supplementary table S4](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1) online). Similarly, one SNP located 337 bp from the prolactin (*PRL*, in LG2) gene, lying outside the region defined by [@evv093-B10], was also associated with temperature but more strongly so with salinity and oxygen ([supplementary table S4](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1) online). The gene for hemoglobin beta-1 (H*b-*β*1*) is also located in LG2 (in contig_03031) and identified to be 17.8 cM away from the outlier region by [@evv093-B10]. It has been proposed by [@evv093-B2], but see also [@evv093-B113], that the Baltic cod is adapted to the environmental hypoxia and temperature in the Baltic Sea by possessing the high-affinity Val-Ala form of H*b-*β1. In the same scaffold as H*b-*β1 an outlier in a nonsynonymous SNP (ss1712304723) was identified, which is associated with salinity (at surface and spawning depth) and oxygen level (at spawning depth). If this defined outlier SNP is linked to H*b-*β1, it may reflect the hemoglobin polymorphism in the Baltic Sea.

Moreover, we detected 17 SNPs as candidates for selection in LG1. The same region has been associated with a migratory ecotype by [@evv093-B53] and by [@evv093-B65] between migratory Northeast arctic cod and stationary Norwegian coastal cod. This region contains the well-known pantophysin gene polymorphism (*Pan*I, in scaffold_09065) that has been used to determine individuals as either stationary or migratory ([@evv093-B35]; [@evv093-B96]). This marker is known to be nearly monomorphic for the coastal type (*Pan*I^A^) in North Sea and Baltic populations ([@evv093-B17]) which was also the case for the closest genotyped SNP in this study (ss1712302787, 5,148 bp away; [supplementary table S2](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1) online). Notably, within LG1, all pairwise outlier SNPs relative to the Baltic Sea, and loci environmentally associated with salinity and oxygen ([table 4](#evv093-T4){ref-type="table"}), are located within the same scaffolds ([supplementary table S4](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1) online) as [@evv093-B53] describes as associated with a migratory ecotype. The fact that we detect outliers in the same region that has previously been identified as associated with a migratory ecotype, but also between the Baltic- and the North Sea ([@evv093-B53]), in the Baltic population, might indicate that this region is not selected by migratory behavior per se.

Furthermore, in LG12, we observe an outlier pattern driven by the North Sea/Kattegat comparison and to some extent also the North Sea/Öresund comparison ([fig. 4](#evv093-F4){ref-type="fig"}). The landscape genomic analysis suggests a temperature association within the long-range LD region on LG12 ([figs. 3](#evv093-F3){ref-type="fig"} and [5](#evv093-F5){ref-type="fig"}) that corresponds to the temperature-associated region identified by [@evv093-B10]. This correlation is not as robust as the correlations found for salinity and oxygen level at the other LGs, as decisive association was only detected in eight SNPs (using *q* \< 0.01 as a cutoff). These results suggest that LG12 is not central in the adaptation to the Baltic Sea environment, but rather the selection in this genomic region is driven by adaptation to temperature variation, not encountered by the Baltic Sea cod. In the tightly linked outlier block on LG12, the allele frequencies within the Baltic Sea and within the North Sea are similar ([supplementary table S2](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1) online) possibly reflecting that the detected outlier pattern either predates the Baltic split or is subject to similar selection pressure in both areas. In [@evv093-B53] it is evident that SNPs in this region shows elevated *F*~ST~ values in a Norwegian coastal cod/North Sea comparison, which may indicate that it is the North Sea that is driving this outlier pattern. However, it is also possible that the Öresund and Kattegat populations are experiencing specific selection pressure in this genomic region or share a common ancestry with the Norwegian coastal cod populations.

Apart from outliers in long LD regions, we also identify single SNPs as significant candidates for selection, associated with at least one environmental variable ([figs. 4](#evv093-F4){ref-type="fig"} and [5](#evv093-F5){ref-type="fig"} and [supplementary table S4](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1) online) indicating that several smaller genomic regions also play a role in the adaptation to the different environments under study. As expected, we did not identify all previously known outliers regions in Atlantic cod; however, we did identify some novel regions under selection. For instance, in LG7 we detected a single decisive outlier SNP, located within an exon in the Na^+^/K^+^-ATPase gene (*ATP1A1*); see discussion on physiological adaptation to low salinity. Nevertheless, no SNPs under selection were detected in the large LD region on LG7 ([fig. 3](#evv093-F3){ref-type="fig"}) which was previously described as associated with temperature and behavior ([@evv093-B10]; [@evv093-B53]).

[@evv093-B12] identified strong interchromosomal LD (ILD) among the large LD regions in LG2, 7 and 12, supporting a hypothesis of divergence hitchhiking, transitioning to genome hitchhiking with reproductive isolation. Even though we find some evidence of high ILD between SNPs among the same regions, the most notable findings of ILD are between outlier SNPs on LG1 and 2 and between outlier SNPs on LG2 and 4 ([supplementary table S3](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1) online). Altogether, our results correspond well with earlier work in Atlantic cod: [@evv093-B10] and [@evv093-B53] separately identified outlier SNPs in LG1, 2, 7, and 12 whereas a later study by [@evv093-B11] identified outliers in four additional LGs (LG6, 8, 13, and 22).

Outlier SNPs Indicate Genes Associated with Adaptation to Low Salinity at the Egg Stage
---------------------------------------------------------------------------------------

In the low saline environment in the Baltic Sea, cod eggs need to be highly hydrated to maintain buoyancy and avoid sinking into the deeper anoxic water layers. As a consequence, Baltic cod eggs have a neutral egg buoyancy at 14.5‰ ([@evv093-B87]; [@evv093-B88]) compared with 33.0‰ for fully marine cod ([@evv093-B121]) and Belt Sea and Skagerrak cod (19.6‰ and 26.6‰; [@evv093-B88]).

The molecular and cellular mechanisms behind the extreme hydration of the oocytes are poorly understood, but recent studies have revealed an important role of aquaporins in oocyte hydration ([@evv093-B31]; [@evv093-B102]; [@evv093-B18]; [@evv093-B19]). The discovery of a teleost-specific aquaporin, *AQP1ab*, which is specifically expressed in the oocyte ([@evv093-B31], [@evv093-B30]), and the fact that hydration is inhibited when *AQP1ab* is blocked ([@evv093-B31], [@evv093-B30]) suggests a role for this AQP channel in hydration of oocytes. Further details are given in [supplementary text S5](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1) online. Two outlier SNPs close to a tandem duplicate of *AQP1a* (on LG8) were associated with salinity and oxygen and were also pairwise outliers between the Baltic and the Kattegat populations, indicating that this gene could be a key player in the adaptation to low saline conditions in Atlantic cod.

We also detected nine SNPs as candidates for selection in solute carrier protein (SLC) genes ([supplementary table S4](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1) online), which is significantly more than expected by chance alone (Fisher's exact test; *P* \< 0.0001), belonging to seven SLC families (SLC 1, 4, 9, 22, 25, 29, and 35) where five families (SLC 4, 9, 25, 29, and 35) have previously been detected in the ovary transcripts of striped bass ([@evv093-B103]). SLCs consist of a wide range of membrane proteins that control cellular influx and efflux of solutes such as inorganic cations and anions, salts, metals, amino acids, fatty acids, and lipids ([@evv093-B52]; [@evv093-B51]; [@evv093-B109]). The characterization of SLC gene expression in growing oocytes and during ovarian maturation has direct importance for understanding oogenesis in teleosts ([@evv093-B103]), especially in the context of egg buoyancy in pelagophilic marine species. It is likely that a repertoire of the SLC genes in Atlantic cod acts in concert with aquaporin genes during oogenesis, supported by [@evv093-B8] showing an upregulation of *SLC26* and *AQP4* in rainbow trout (*Oncorhynchus mykiss*) during ovarian maturation. For a detailed discussion of the SLC genes, see [supplementary text S5](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1) online.

During oocyte maturation, the hydrolysis of yolk proteins generates a pool of free amino acids that enables water influx into the oocyte during oocyte hydration ([@evv093-B36]). Central to this process are the vitellogenins, and indeed, we do find a SNP in vitellogenin (*VTG6*), a lipid transporter, as a candidate for selection ([supplementary table S4](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1) online) associated with both salinity at spawning depth and temperature. One of the outlier SNPs with strongest association to salinity and oxygen level at spawning depth and a decisive pairwise outlier in all Baltic comparisons was localized close to the zona pellucida glycoprotein-2 gene (*ZP2L1*) on LG8 ([table 4](#evv093-T4){ref-type="table"}). *ZP2L1* shows ovary-specific expression in zebrafish (*Danio rerio*) ([@evv093-B80]) and is liable for species-restricted binding of sperm to unfertilized eggs ([@evv093-B133]). Further details are given in [supplementary text S5](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1) online.

Outlier SNPs Indicate Physiological Adaptation to Low Salinity
--------------------------------------------------------------

After the egg stage, osmoregulation primarily takes place in gills, intestines and kidneys, in which the enzyme Na^+^/K^+^-ATPase, an enzyme that is fundamental to osmoregulation and ion exchange, is abundantly expressed. The role of this enzyme within osmoregulatory organs in teleosts is to actively pump K^+^ in to the cell and Na^+^ out of the cell across a concentration gradient ([@evv093-B44]) and aiding in other transport processes associated with osmoregulatory function ([@evv093-B77]). We detected two different Na^+^/K^+^-ATPase genes (*ATP1A1* and *ATP1B1*) as candidates for selection (see [supplementary text S6](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1) online). The *ATP1A1* gene (in LG7) is decisively associated with salinity and oxygen at spawning depth and surface temperature and is also a pairwise outlier only across the salinity barrier ([table 4](#evv093-T4){ref-type="table"}), highlighting its presumptive osmoregulatory role. This gene has been shown to have significant different gene expression in gill tissue between North Sea- and Baltic cod, suggesting adaption to local salinity conditions ([@evv093-B70]).

A SNP (ss1712302819) located 337 bp away from the *PRL* gene, localized on LG2, is one of the SNPs with strongest environmental correlation and is a pairwise outlier in all Baltic comparisons ([table 4](#evv093-T4){ref-type="table"}). Prolactin is central in ion uptake and in regulating water and ion permeability in osmoregulatory surfaces in freshwater and euryhaline fish species ([@evv093-B76]; [@evv093-B107]) and is known to contribute to the Na^+^/K^+^-ATPase regulation in for example gilthead seabream (*Sparus aurata*) ([@evv093-B75]). It is widely accepted that *PRL* is involved in freshwater adaptation ([@evv093-B56]; [@evv093-B76]), antagonized by growth hormone (*GH*) and insulin-like growth factor-1 (*IGF1*)---known to promote acclimatization to seawater in many teleosts (see, e.g., [@evv093-B107]). Here, we find significant association between salinity and/or oxygen level within or close to the genes *GHRHR*, *GFBP1*, and *IGFBP3* (see [supplementary text S6](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1) online), indicating central roles in salinity adaptation.

Conclusions
===========

By combining outlier and landscape genomic analyses, we identified a set of directionally selected loci that are strongly correlated with habitat differences in salinity and oxygen in the Baltic Sea. Relative to the Baltic Sea, we detect an outlier pattern consistent with later stages of ecological divergence ([@evv093-B32]) where most of the outlier SNPs cluster in extended genomic regions in high LD, suggesting divergence hitchhiking and the presence of genomic islands of divergence. Fixed and nearly fixed allele frequencies were detected in the Baltic population at a low frequency, suggesting that the process of diversification is ongoing. Candidate SNPs for selection was detected in all LGs, but LG2 clearly stands out with the highest number of outliers with respect to the Baltic Sea and salinity and oxygen association. A large portion of the outlier SNPs detected reside within ecologically important genes affecting egg buoyancy and general osmoregulation, and are thus likely to constitute an evolutionary response to the ecological conditions in the Baltic Sea. Such an adaptive response may contribute to a strong and effective reproductive barrier, leading to ecological speciation in the Baltic cod.

Data Access
===========

Previously published SNPs are referred to by their rs-numbers whereas novel SNPs are referred by their ss-numbers, available in dbSNP ([www.ncbi.nlm.nih.gov/SNP](http://www.ncbi.nlm.nih.gov/SNP), last accessed May 1, 2015).
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[Supplementary texts S1--S6](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1), [tables S1--S4](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1), and [figures S1--S4](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv093/-/DC1) are available at *Genome Biology and Evolution* online (<http://www.gbe.oxfordjournals.org/>).
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